The Sullivan deposit of British Columbia, Canada represents an ancient submarine hydrothermal system that formed a giant Pb-Zn-Ag massive sulfide deposit. Tourmaline is abundant in the deposit and acts as a good tracer that may reveal the nature of the original hydrothermal fluids and ore-forming processes, due to its refractory characteristics. Concentrations of Zr, Hf, Nb, Ta, U and Th in tourmalinites from the Sullivan deposit and its general surrounds are analyzed using the ICP-MS technique. Although concentrations of these elements are highly variable, good correlations exist between Zr and Hf, Nb and Ta. Tourmalinites from the Sullivan hanging wall and shallow footwall near the massive sulfide orebody have generally higher Zr, Hf, Nb, and Ta values than do deep footwall and regional tourmalinites. A significant U enrichment has been documented in the hanging wall and shallow footwall samples. It is proposed that the different concentrations and correlation patterns of these so-called immobile elements in the Sullivan hydrothermal system in fact reflect mobility of these elements influenced by different geochemical processes such as protolith control, hydrothermal leaching and mixing of seawater with rising hydrothermal fluids.
INTRODUCTION
The mobility of High Field Strength Elements (HFSE, i.e., Zr, Hf, Nb, and Ta), U, and Th during fluid/rock interaction has been discussed by many workers (e.g., Michard et al., 1983; Chen et al., 1986; Kerrich and King, 1993; Rubin et al., 1993) . Evidence has shown that these so-called "immobile elements" may be mobile to some extent during hydrothermal alteration in a variety of modern and ancient submarine hydrothermal systems and associated massive sulfide deposits (e.g., Finlow-Bates and Stumpfl, 1981; Pascual et al., 1997; Valsami-Jones and Ragnarsdòttir, 1997; Nesbitt et al., 1999) . Most ancient massive sulfide deposits, however, have usually experienced varying degrees of post-ore hydrothermal alteration and regional metamorphism. These later events commonly overprint and obscure the original mineral textures, paragenesis, and chemical signa-
GEOLOGY
The Sullivan deposit is a classic example of a sedimentary-hosted submarine exhalative-hydrothermal Pb-Zn-Ag ore body (Hamilton et al., 1982; Goodfellow et al., 1993) . The sulfide orebody lies conformably within clastic meta-sedimentary rocks of the middle Proterozoic Aldridge Formation ( Fig. 1) , which formed mainly by syngenetic processes on or beneath the seafloor, and subsequently were subjected to postore hydrothermal alteration and regional metamorphism of middle to upper greenschist facies (Shaw and Hodgson, 1986; Slack, 1993; De Paoli and Pattison, 1995) . Tourmaline is abundant in the deposit, especially in the footwall of the massive sulfide orebody in the vent complex, where it forms a steep-sided, funnel-shaped, discordant tourmalinite pipe (Fig .   Fig. 1 Hamilton et al., 1982 and Slack, 1993) . 1). The footwall tourmalinites are divided into two groups: the shallow and deep footwall ones . The shallow footwall tourmalinites occur near the massive sulfide orebody (within 30 m of the base of the sulfide ores) and are mostly stratiform or brecciated sulfide-rich tourmalinites, whereas the deep footwall tourmalinites are discordant with only minor or absent sulfides. In the hanging wall, tourmalinites are much less voluminious than those in the footwall, they occur from the top of the main sulfide orebody to as much as 100 m stratigraphically above, and are most abundant in an arcuate zone surrounding the core of the hanging wall albite-and chlorite-altered rocks. The hanging wall tourmalinites were largely overprinted by postore albite-chlorite-pyrite alteration (Shaw et al., 1993a, b; Jiang et al., 1998) . Although multiple stages of tourmaline formation are distinguished, the main stages of tourmalinization overall bracket Pb-Zn-Ag mineralization in the Sullivan deposit (Jiang et al., , 1999 .
In areas outside of the Sullivan deposit, within the Belt-Purcell basin of southeastern British Columbia, tourmalinites are also widespread in the Lower and Middle Aldridge Formations that host the Sullivan orebody. However, most of these tourmalinites are barren without associated massive sulfide mineralization (Slack, 1993) .
EXPERIMENTAL METHODS
Tourmalinite samples were collected in various places within the Sullivan deposit and in its surrounds (Fig. 1) . The samples were powdered and leached with hot HCl and HNO 3 to get rid of associated sulfide and carbonate minerals, and treated with dilute HF to remove minor silicate minerals such as chlorite and muscovite. After these chemical pre-treatments tourmaline in the samples remains unattacked, and the samples usually constitute only tourmaline and minor quartz. The samples were then digested in capped Teflon vials with concentrated acids of HF + HNO 3 + HClO 4 at ~220°C for one week to completely dissolve the tourmalines. The dissolved samples were dried, dissolved again in 5% HNO 3 solution, then the solutions were used for the measurement using a VG Plasma Quad 2+ ICP-MS at Bristol University in England. The high field strength elements of Zr, Hf, Nb, and Ta were analyzed at 90 Zr, 178 Hf, 93 Nb, and 181 Ta with internal standards of Re and Ru at a concentration of 100 ppb. Concentrations of U and Th were analyzed in a separate run at 238 U and 232 Th with an internal standard of Bi at 100 ppb. The analytical precision was estimated to be better than ±5% based on duplicated sample and international rock standard measurements.
RESULTS AND DISCUSSION
The analytical results of Zr, Hf, Nb, Ta, U, and Th in the tourmalinite samples are summarized in Table 1 . Large variations of these elements are observed with the highest values recorded in the shallow footwall or hanging wall samples. Positive correlations exist between Zr and Hf, Nb and Ta for all the tourmalinite samples, especially of the shallow footwall (Zr/Hf = ~22 and Nb/Ta = 16) and deep footwall (Zr/Hf = ~26; Fig. 2 ). The shallow footwall samples have generally higher concentrations of Zr, Hf, Nb, and Ta than do the deep footwall and regional tourmalinites.
In plot of U versus Th, the deep footwall and regional tourmalinites form a linear trend with a Th/U ratio of ~9, whereas most of the shallow footwall and hanging wall samples fall above this line, indicating a significant U enrichment (Fig.  3 ). This enrichment probably reflects subsurface mixing of seawater with the rising hydrothermal fluids, as seawater contains relatively high levels of U, whereas the reduced submarine hydrothermal fluids usually exhibit low U concentrations (e.g., Michard et al., 1983; Chen et al., 1986) . Uranium is also known to be removed from the seawater at the oxic condition in the hydrothermal sediments (e.g., Mill et al., 1996) . During hydrothermal tourmalinization, U is taken up from the seawater and enriched in the tourmalines due to a change in pH and redox conditions upon mixing.
Seawater entrainment into the submarine hydrothermal systems, especially in the upper portion of convection cells prior to hydrothermal venting onto the seafloor, has been demonstrated in modern and ancient massive sulfide deposits (e.g., Bowers et al., 1985; Palmer and Slack, 1989; Slack and Coad, 1989; Brügmann et al., 1998; Jiang et al., 1999) . For example, in modern sediment-filled seafloor rifts, abundant Mg-silicates occur within Fe sulfide-rich hydrothermal mounds as a result of ingress and heating of seawater in the shallow subsurface (Lonsdale et al., 1980; Turner et al., 1991; Zierenberg and Shanks, 1994) . In the TAG hydrothermal field of Mid-Atlantic Ridge, the occurrence of anhydrite-rich lithologies at ~30 to 40 m below sea floor corroborates that seawater is penetrating the hydrothermal system and contaminating the hydrothermal fluid circulating in the upper part of the mound (Rona et al., 1993; Brügmann et al., 1998) . At Sullivan, a detailed electron-microprobe study of tourmaline revealed complex compositional variations that record multistage tourmaline formation (Jiang et al., 1998) . Jiang et al. (1998) found that the major type of tourmaline in the Sullivan footwall tourmalinite pipe is Mg-rich, recording seawater 
Fig. 3. Correlations between U and Th in the tourmalinites from the deep footwall, shallow footwall, hanging wall of the Sullivan orebody and from regional tourmalinites.
entrainment during ore formation under high water/rock conditions. They also suggested that the post-ore, but synsedimentary, hydrothermal alteration (e.g., chlorite and albite alteration) involved entrained seawater that was responsible for deposition of dravite and uvite in the hanging wall and for dravite in the brown tourmalinites of the shallow footwall. Palmer and Slack (1989) proposed that the boron isotope composition of tourmaline precipitated within the upper portions of a massive sulfide body could be very sensitive to entrainment of seawater. They found that a sample of cherty tourmalinite from the Sullivan footwall has a δ 11 B value of -6.6‰, compared to a distinctly higher value of -2.9‰ for a sample of euhedral tourmaline from within the massive pyrrhotite body. This is consistent with entrainment of isotopically heavy seawater during formation of the ore-related tourmaline (Palmer and Slack, 1989) . A further detailed boron isotopic study of tourmaline from the Sullivan deposit reveals a wide δ 11 B variation from -11.1 to -2.9‰ (Jiang et al., 1999) . This variation is almost as great as the δ 11 B range (-15.4 to -1.7‰) found worldwide in tourmalines from massive sulfide deposits and tourmalinites in dominantly clastic metasedimentary terranes (Palmer and Slack, 1989; Jiang, 1998) . Jiang et al. (1999) suggested that the major control on the overall δ 11 B values of the Sullivan tourmalines is the boron source. A number of other factors may also affect the boron isotope variations to some extent, including (1) formation temperatures, (2) different stages of tourmaline formation, (3) variations in the proportion of dissolved boron incorporated into the tourmalines (Rayleigh fractionation), (4) seawater entrainment, and (5) post-depositional alteration and metamorphism. Jiang et al. (1999) distinguished two different processes involving seawater mixing. Entrainment of cold seawater into the hydrothermal fluids will cause a large decrease in fluid temperatures and thus led to lower δ 11 B values of the tourmalines despite the high δ 11 B value (+40‰) of seawater. In contrast, entrainment of conductively heated seawater into the hydrothermal system will increase the δ 11 B values of resultant tourmalines. During the course of hydrothermal mineralization in the submarine hydrothermal systems, the fluid mixing and changing of temperatures, pH and Eh conditions likely result in sulfide precipitation. The transportation of large quantity of ore-forming metals by circulating hydrothermal fluids from depths to the ore deposition position near the seafloor is a key issue for the formation of giant orebody like at Sullivan. Jiang et al. (1999) suggested that at Sullivan possible non-marine evaporite involvement in the hydrothermal system provided sufficient boron and other flux elements (e.g., Cl) that enhanced leaching of metals from the deep clastic sedimentary strata. During the hydrothermal processes, the high field strength elements (e.g., Zr, Hf, Nb, and Ta) were though to be immobile (e.g., Floyd and Winchester, 1978; Corfu and Davis, 1991) . However, recent evidence has shown that such elements are in fact mobile in the submarine hydrothermal systems. For example, Nesbitt et al. (1999) found abundant zircons in the stockwork zones of the massive sulfide deposit of Los Frailes in the Iberian Pyrite Belt, and concluded that they were hydrothermal in origin. Rubin et al. (1989 Rubin et al. ( , 1993 ) also described zircons in alkaline and F-rich hydrothermal systems, and suggested that hydrothermal solutions could easily break down silicate minerals such as aegirine and arfvedsonite in the source rocks to release Zr. The hydrothermal experiments of Watson et al. (1997) further support the view that Zr is mobile in some circumstances.
At Sullivan, we found the highest Zr contents (up to 600 ppm) in the shallow footwall samples. A positive correlation also exists between U and Zr for the shallow footwall tourmalinites (Zr/U = 65), indicating a possible Zr mobility in these samples (Fig. 4) . No correlation is apparent between Th and Zr, and Th probably remains immobile. The deep footwall and regional tourmalinites display relatively low Zr concentrations (35-340 ppm), in contrast to the shallow footwall and hanging wall samples (190-600 ppm), even though their Th contents are similar (1-20 ppm). The higher concentrations of Zr, Hf, Nb, and Ta likely reflect mobility of the HFSE during fluid/rock interaction at depth (i.e., via the breakdown of silicates and heavy minerals), which may have resulted in high concentrations of these elements in the ascending fluids and resultant tourmalines at shallower levels. This is in consistent with the general massive sulfide ore-forming models. The ore-forming metals and other flux elements (e.g., Cl, B) are likely leached by the circulating hydrothermal fluids from the deep foot zone clastic sediments and volcanic lithologies (e.g., Lydon, 1988; Goodfellow et al., 1993; Jiang et al., 1999) . Alternatively, it is possible that the shallow footwall and hanging wall tourmalinites had more complex protoliths (e.g., interbedded silicic volcanic rocks with higher molar amounts of heavy minerals such as zircon) than those typical clastic sediments of the deep footwall. But this possibility needs to be fully examined since supporting field and petrological evidence is still lack.
Overall, the relationships for HFSE, U and Th in the Sullivan tourmalinites likely reflect different controls on element behaviour in the samples of different occurrences. For example, the behaviour of these elements for deep footwall and regional tourmalinites is most likely controlled by the heavy mineral composition of pretourmalinization clastic rocks, including minerals such as allanite, monazite, titanite, and zircon, which commonly contain high concentrations of HFSE, U, and Th (e.g., Deer et al., 1992) . The linear correlations between Zr and Hf, Nb and Ta, and Th and U suggest that these element pairs have either similar partitioning coefficients into the same mineral phase (e.g., tourmaline) or they form other coexisting mineral phases (e.g., heavy minerals) under similar conditions. The mobility of these elements is therefore influenced by different geochemical processes such as protolith control, hydrothermal leaching and mixing of seawater with rising hydrothermal fluids.
CONCLUSIONS
Tourmalinite is an abundant altered rock type of hydrothermal origin in the giant Sullivan PbZn-Ag deposit of British Columbia, Canada, which possibly formed prior to or synchronous with the massive sulfide mineralization. Tourmalinite occurs in the deep footwall, shallow footwall, and hanging wall of the Sullivan orebody, as well as in the equivalent ore-bearing host sedimentary strata outside Sullivan without significant economic mineralization. Concentrations of the high field strength elements (e.g., Zr, Hf, Nb, and Ta), U and Th in the tourmalinites are highly variable. Relatively higher contents of Zr, Hf, Nb, and Ta in the shallow footwall and hanging wall samples near the massive sulfide orebody indicate mobil- ity of these elements which may have been transported via circulating ore-forming fluids within an ancient submarine hydrothermal system. The relatively higher U contents in the tourmalinites near the massive sulfide orebody likely record the process of seawater mixing with ascending hydrothermal fluids, in accordance with the chemical and boron isotope evidence of the tourmalines from the Sullivan deposit.
